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Mitochondrial uncoupling protein-4 (UCP4) enhances neuronal survival in 1-methyl-4-phenylpyridi-
nium (MPPþ) toxicity by suppressing oxidative stress and preserving intracellular ATP and mitochon-
drial membrane potential (MMP). NF-kB regulates neuronal viability via its complexes, p65 mediating
cell death and c-Rel promoting cell survival. We reported previously that NF-kB mediates UCP4
neuroprotection against MPPþ toxicity. Here, we investigated its link with the NF-kB c-Rel prosurvival
pathway in alleviating mitochondrial dysfunction and oxidative stress. We overexpressed a c-Rel-
encoding plasmid in SH-SY5Y cells and showed that c-Rel overexpression induced NF-kB activity
without affecting p65 level. Overexpression of c-Rel increased UCP4 promoter activity and protein
expression. Electrophoretic mobility shift assay showed that H2O2 increased NF-kB binding to the UCP4
promoter and that NF-kB complexes were composed of p50/p50 and p50/c-Rel dimers. Under
H2O2-induced oxidative stress, UCP4 knockdown signiﬁcantly increased superoxide levels, decreased
reduced glutathione (GSH) levels, and increased oxidized glutathione levels, compared to controls. UCP4
expression induced by c-Rel overexpression signiﬁcantly decreased superoxide levels and preserved GSH
levels and MMP under similar stress. These protective effects of c-Rel overexpression in H2O2-induced
oxidative stress were signiﬁcantly reduced after UCP4 knockdown, indicating that UCP4 is a target effector
gene of the NF-kB c-Rel prosurvival pathway to mitigate the effects of oxidative stress.
& 2012 Elsevier Inc.Open access under CC BY-NC-ND license.Oxidative stress-induced cellular damage caused by mitochon-
drial dysfunction and neuroinﬂammation is found in a variety
of neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s disease [1–6]. It is mediated by reactive oxygen species
(ROS) including superoxide and hydroxyl radicals and hydrogen
peroxide (H2O2). ROS are generated during normal metabolic ﬂux
through the mitochondrial electron transport chain, causing disrup-
tion of cellular function and integrity [7]. H2O2, a major component
of ROS, is used to induce oxidative stress in experimental models.
NF-kB is a major regulator of a number of physiological
processes in neurons, astrocytes, microglia, and oligodendrocytes2
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Y-NC-ND license.[8,9], including defense against oxidative stress and neuroinﬂam-
mation, neurodevelopment, synaptic activity, and memory forma-
tion [9–13]. There are reports that show that H2O2 activates NF-kB
[14,15]. NF-kB is crucial in regulating neuronal survival by speciﬁc
activation of diverse NF-kB complexes [16] composed of ﬁve
different subunits: RelA (p65), c-Rel, RelB, p50 (NF-kB1), and p52
(NF-kB2). Recent evidence suggests that within the same neuronal
cell, the regulation of neuron viability depends on the early
activation of distinct NF-kB subunits [17,18]. NF-kB complexes
can speciﬁcally control transcriptional activity, causing either
harmful or beneﬁcial outcomes depending on the combination of
NF-kB dimers [19]. For example, p50/p65 heterodimers are more
responsive to neurotoxic signals from the environment and cause
neuronal cell death [20,21]. Conversely, c-Rel-containing dimers,
p65/c-Rel and p50/c-Rel, are activated by neuroprotective signals
and increase neuronal resistance to stressful conditions by indu-
cing the expression of antiapoptotic genes such as MnSOD and Bcl-
XL [22]. Moreover, the antiapoptotic effects induced by agonists of
metabotropic glutamate receptor type 5 (mGlu5) against b-amy-
loid toxicity rely on the early activation of NF-kB dimers p50/c-Rel
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beneﬁcial to neurons by driving antiapoptotic processes, thus
increasing neuronal survival [23].
Uncoupling proteins (UCPs) are mitochondrial solute carriers
that regulate mitochondrial membrane potential (MMP) and ROS
levels [24–27]. Of ﬁve homologues, UCP4 and UCP5 are expressed
mostly in neurons [28,29]. We reported previously that neuronal
UCP (UCP2, 4, and 5) expression was induced by MPPþ toxicity
[30] and hypothesized that these changes are protective cellular
responses [24,25,30–32]. Recently, we reported that UCP4 over-
expression protects cells against MPPþ-induced Complex I deﬁ-
ciency by speciﬁcally interacting with Complex II [33]. SH-SY5Y
cells that overexpress UCP4 have been shown to have much
better survival under normal conditions, as well as after MPPþ
and dopamine-induced toxicity [24]. In addition, we character-
ized the promoter region of the human UCP4 gene and identiﬁed
a potent NF-kB response element binding site within this region
[32]. UCP4 expression is signiﬁcantly regulated via activation and
inhibition of NF-kB signaling. It is reasonable to postulate that
UCP4 acts as a protective target gene of c-Rel NF-kB prosurvival
signaling to mediate protection against oxidative stress. In this
study, we shed light on the prosurvival role of c-Rel-mediated
UCP4 protection in SH-SY5Y cells. We hypothesize that the c-Rel
subunit of the NF-kB complex plays an important regulatory role
on UCP4 expression to protect against oxidative stress.
To elucidate the protective mechanisms of c-Rel, we investigated
the effects of c-Rel overexpression on the UCP4 gene in neuronal SH-
SY5Y cells. First, we explored the effects of c-Rel on UCP4 mRNA and
protein expression. We then conﬁrmed binding of c-Rel-containing
protein complexes to a putative NF-kB site in the 50 ﬂanking region of
the UCP4 gene using electrophoretic mobility shift assay (EMSA). The
amount of binding of the NF-kB complexes to the UCP4 gene
promoter after H2O2 treatment was determined using EMSA. The
levels of reduced glutathione (GSH), oxidized glutathione (GSSG),
total glutathione, superoxide levels and the MMP were measured
after overexpression of c-Rel and/or knockdown of UCP4 in SH-SY5Y
cells. These ﬁndings provide insight into the role of UCP4 against
oxidative stress by demonstrating the link between UCP4 and c-Rel,
whereby the latter modulates mitochondrial function and maintains
oxidative balance via UCP4.Materials and methods
Cell culture and treatments
SH-SY5Y (ATCC; CRL-2266) cells were cultured in Dulbecco’s
modiﬁed Eagle’s medium (DMEM)–F12 supplemented with 10%
fetal bovine serum, 2 mM glutamine, and 100 mg/ml penicillin–
streptomycin (Invitrogen) at 37 1C in a humidiﬁed 5% CO2 atmo-
sphere. Cells were exposed to H2O2 (50–1000 mM) treatment for
2 or 6 h.
Cloning of expression plasmids encoding c-Rel (pSin-cRel)
Total RNA was extracted from SH-SY5Y cells using Trizol reagent.
Full-length human c-Rel cDNA was ampliﬁed by one-step RT-PCR.
The primer sequences were forward, 50-CTGGAATTCGCCACCATG-
GCCTCCGGTGCGTATAA-30, and reverse, 50-CGCGGATCCGCGTTATAC-
TTGAAAAAATTCAT-30. An EcoRI restriction site was added to the
forward primer and a BamHI restriction site was added to the
reverse primer. The PCR product was digested with EcoRI and BamHI
and then ligated to a pSin vector (Addgene). The resulting c-Rel
plasmid was transformed into Escherichia coli (Stbl3; Invitrogen) and
positive clones containing c-Rel were determined by restriction
analysis and conﬁrmed by sequencing.Transient transfection with expression plasmids for luciferase assay
SH-SY5Y cells were transfected at 70% conﬂuence in 24-well
plates. Transfection was carried out with Lipofectamine2000
reagent (Invitrogen) as described earlier [32]. Transient cotrans-
fection was performed with either 50UCP4DNA1000/1 (the
UCP4 gene construct containing the putative NF-kB binding site
[32]) or pNFkB-luc (vector expressing luciferase based on the
binding of NF-kB, which provided a direct measure of NF-kB
activation; Clontech), combined with pSin empty vector control
or pSin-cRel.
Dual luciferase assay
Vectors created as described above and the pRL-TK vector
(Promega), which encodes Renilla luciferase, were cotransfected.
The pRL-TK vector served as an internal control. Promoter activity
was assessed by assay of luciferase activity using the
Dual-Luciferase reporter assay system (Promega) as previously
described [32]. The luciferase activity of each construct was
measured in triplicate in at least three independent experiments.
Western blotting
Total protein lysates from different cells were prepared.
Western blot was performed using equal amounts of protein
(30 mg) and probed using anti-UCP4 (1:1000), anti-c-Rel (1:1000)
(Cell Signaling), anti-phosphorylated-p65 (1:1000) (Cell Signal-
ing), or anti-b-actin (1:500) (Santa Cruz Biotechnology) as pre-
viously described [24].
Electrophoretic mobility shift assay
Nuclear protein extracts of SH-SY5Y cells were prepared using
the NucBuster protein extraction kit (Novagen). Biotin 50-end-
labeled double-stranded NF-kB oligonucleotide (50-AATTCTA-
GAGGGGCTTTCCCAAACTCAA-30, located at 514/487 from the
50 ﬂanking region of UCP4 gene) was used as the probe. Biotin-
labeled oligonucleotide (4 pmol) was incubated with SH-SY5Y
nuclear protein extract (4 mg) in binding buffer (10 mM Tris, pH
7.5, 50 mM KCl, 1 mM dithiothreitol, 1 mg/ml poly(dI–dC)) at room
temperature for 20 min. Competitive reactions were performed
by adding 200-fold molar excess of unlabeled oligonucleotides.
Mixtures were electrophoresed in a 6% nondenaturing polyacry-
lamide gel in 0.5 TBE buffer at 100 V for 1 h. Separated DNA-
containing fragments were transferred to a nylon membrane and
detected using the LightShift chemiluminescence EMSA kit
(Pierce) according to the manufacturer’s protocol. For the super-
shift assay, 1 mg anti-p50 (Millipore), anti-p65 (Cell Signaling), or
anti-c-Rel (Cell Signaling) was added to the binding reaction.
Knockdown of endogenous UCP4 expression: transfection with short
interfering RNA (siRNA)
Double-stranded siRNAs corresponding to homologous sequences
of the human UCP4 gene with 50 phosphate, 30 hydroxyl, and 2-base
overhangs (Invitrogen) were used to knock down endogenous UCP4
expression. The gene-speciﬁc sequences were as follows: UCP4 siRNA
sense, 50-UUCAUAUGUGACCAUUCGACCUCCA-30, and antisense, 30-
UGGAGGUCGAAUGGUCACAUAUGAA-50. AllStars negative control
siRNA (Qiagen) was used as the scrambled siRNA (scr. siRNA).
Negative control siRNA (AF488) was a FITC-conjugated negative
control (Qiagen) to monitor transfection efﬁciency. Both negative
control siRNAs had no homology to any knownmammalian gene. Cell
transfection was carried out in six-well plates as follows: two
solutions were created, 100 nM siRNA diluted in 250 ml Opti-MEM
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two solutions were mixed and incubated for 15min at room
temperature. The transfection complex was added to DMEM without
serum and antibiotics. The culture medium was replaced with fresh
complete DMEM 4 h after transfection. The ﬂuorescein-conjugated
siRNA showed a transfection efﬁciency of 480%. Speciﬁc RNA
interference signiﬁcantly reduced endogenous UCP4 mRNA levels
by 460% at both 24 and 48 h (data not shown).
Real-time quantitative RT-PCR
Steady-state UCP4 mRNA levels were determined in triplicate
in at least three independent experiments and normalized by
b-actin as previously described [24].
Overexpression of c-Rel and knockdown of endogenous UCP4
expression: transient transfection with c-Rel-encoding plasmids and
siRNA of UCP4
Cells were transfected sequentially in a six-well plate with
10 mg of the plasmid (pSin empty vector or pSin-cRel) on the ﬁrst
day and 100 nM siRNA (scr. siRNA or UCP4 siRNA) on the second
day using Lipofectamine2000 (Invitrogen) according to the man-
ufacturer’s protocol. Four groups of cells expressing the following
were used in parallel for dihydroethidium (DHE), glutathione, and
5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) measurements. These were: (i) pSinþscr. siRNA
(control), (ii) pSinþUCP4 siRNA (UCP4 knockdown), (iii) pSin-
cRelþscr. siRNA (c-Rel overexpression), or (iv) pSin-cRelþUCP4
siRNA (c-Rel overexpression and UCP4 knockdown). DHE, glu-
tathione, and JC-1 measurements were performed in untreated
cells and cells treated with 250 mM H2O2. We compared results
from four groups of SH-SY5Y cells that had been treated at the
same time and under the same conditions for all the experiments.
Hence, the same control group (pSin and scr. siRNA) was used in
all the analyses.
Superoxide (O2
) levels
Determination of intracellular superoxide levels was based on
the oxidation of superoxide-sensitive DHE (Molecular Probes),
which diffuses across membrane of live cells, in which it is
converted to its ﬂuorescent product, ethidium. The ﬂuorescence
intensity is proportional to the intracellular superoxide anion
levels. In brief, culture medium was aspirated and the cells were
rinsed twice with phosphate-buffered saline (PBS). Cells were
centrifuged for 10 min at 1500 rpm and cell pellets were col-
lected. DHE solution (40 mM, 1 ml made up in culture medium
containing 0.05% dimethyl sulfoxide) was added to each tube. The
cells were incubated for 30 min at 37 1C in the dark. The cells
were again washed with PBS and maintained in 1 ml of culture
medium. Cellular ﬂuorescence from the oxidation of DHE was
monitored using a ﬂow cytometer with a 585 nm ﬁlter.
Detection of GSH by ﬂuorescence microscopy
SH-SY5Y cells were incubated at 37 1C for 30 min with 5 mM
5-chloromethylﬂuorescein diacetate (CMFDA; Molecular Probes).
The cells were washed twice with PBS and ﬁxed with 3.7%
formaldehyde in PBS for 15 min at room temperature. The cells
were washed again with PBS and mounted on glass slides with
mounting medium containing DAPI. CMFDA is nonﬂuorescent
until it reacts with intracellular esterases. In its reaction with
cellular free thiols, the amount of emitted ﬂuorescence correlates
with the levels of intracellular GSH. The cells were visualized
using ﬂuorescence microscopy.Quantitative assay of GSH, GSSG, and total glutathione
SH-SY5Y cells were seeded in 96-well white-wall, clear-bot-
tom microtiter plates. Glutathione measurements were per-
formed using the GSH-Glo glutathione assay kit (Promega)
according to the manufacturer’s instructions. This is a lumines-
cence-based assay for detection and quantiﬁcation of glutathione,
based on the conversion of a luciferin derivative into luciferin in
the presence of glutathione. The reaction is catalyzed by glu-
tathione S-transferase. The signal generated is proportional to the
amount of GSH presented in the sample.
To measure total glutathione (GSHþ(2GSSG)), TCEP
(500 mM) was added to each well and incubated for 15 min at
37 1C before glutathione measurement. The GSH level was then
subtracted from the total GSH to determine actual GSSG (as
GSH2) level and GSH/GSSG ratio. The culture medium was
removed from the wells of a 96-well white-wall, clear-bottom
microtiter plate. GSH-Glo reagent (1 , 100 ml/well of luciferin-
NT substrate) and glutathione S-transferase (diluted 1:100 in
GSH-Glo reaction buffer) were added directly to each well. The
solutions were mixed brieﬂy using a plate shaker and incubated
for 30 min at room temperature. Reconstituted luciferin detection
reagent (100 ml) was added to each well and mixed brieﬂy using a
plate shaker. The plate was incubated for another 15 min at room
temperature in the dark. The luminescence of the samples was
measured using a spectrophotometer.
Fluorescence imaging and quantitative measurement of MMP
Changes in MMP in SH-SY5Y cells, with and without H2O2
treatment, were observed qualitatively by ﬂuorescence micro-
scopy and measured quantitatively by ﬂow cytometry based on
the MMP-sensitive ratiometric ﬂuorescent dye probe JC-1 stain-
ing. The cells were stained with the cationic dye JC-1, which
exhibits potential-dependent accumulation in mitochondria. At
low membrane potential, JC-1 continues to exist as a monomer
and produces a green ﬂuorescence (emission at 527 nm). At high
membrane potential, JC-1 forms aggregates (emission at 590 nm)
and produces a red ﬂuorescence. Thus, the color of the dye
changes reversibly from red to green as the mitochondrial
membrane becomes depolarized. Consequently, mitochondrial
depolarization is indicated by a decrease in the red/green ﬂuor-
escence intensity ratio. The cells (1106) were trypsinized in
1 ml of trypsin and incubated with 2 mM JC-1 (Invitrogen) for
20 min at 37 1C in the dark. After incubation, the cells were
washed and resuspended in PBS in a total volume of 500 ml. The
intensity of both colors was determined by ﬂow cytometry. The
approximate excitation peak of JC-1 is 488 nm. The approximate
emission peaks of monomeric and J-aggregate forms are 529 and
590 nm, respectively.
Cells labeled with JC-1 were also observed by ﬂuorescence
microscopy using 488 nm excitation and green or orange-red
emission. Carbonyl cyanide m-chlorophenylhydrazone (Sigma–
Aldrich) was used as a positive control for loss of MMP. A
minimum of 20,000 events per sample were acquired per analyses.
Relative MMP was deﬁned as the ratio of red to green signals. For
ﬂuorescence imaging, SH-SY5Y cells were incubated at 37 1C for
20 min with 2 mM JC-1 (Invitrogen). The cells were washed twice
with DMEM and visualized using ﬂuorescence microscopy using
standard ﬁlters for Alexa Fluor 488 dye and R-phycoerythrin.
Experimental and design statistics
Three parameters (superoxide radical ion concentration (DHE),
glutathione status, relative mitochondrial membrane potential)
were determined in four groups of cells: (a) control cells, (b) cells
J. Wing-Man Ho et al. / Free Radical Biology and Medicine 53 (2012) 383–394386in which UCP4 mRNA was knocked down, (c) cells overexpressing
c-Rel, and (d) cells overexpressing c-Rel but in which UCP4 mRNA
was knocked down. The four groups were either untreated or
exposed to H2O2. This experimental (square within a square)
design allowed the effects of knockdown of UCP4, c-Rel over-
expression, and H2O2 treatment to be determined by three-way
ANOVA; two-way and one-way ANOVA with Newman–Keuls
multiple comparison test (post hoc) were used to assess more
limited comparisons. Differences were considered signiﬁcant at
po0.05.Fig. 1. Overexpression of c-Rel increased NF-kB activation. (A) Western blots of
protein lysates from c-Rel-overexpressing (pSin-cRel) and empty-pSin-vector
control (pSin) cells were performed using anti-c-Rel, anti-phosphorylated-p65
(phos-p65), and anti-actin antibodies. The Western blot showed bands at 79 kDa
corresponding to c-Rel protein, 65 kDa corresponding to phosphorylated p65
protein, and 43 kDa corresponding to actin protein. (B) SH-SY5Y cells were
transiently transfected with pSin and pNFkB-luc, or pSin-cRel and pNFkB-luc,
and both groups were cotransfected with pRL-TK. Relative promoter activity was
expressed as fold of activity of pSin and pNFkB-luc (activity¼1). **po0.01,
signiﬁcant compared to relative luciferase activity of pSin and pNFkB-luc.
Statistical signiﬁcance p values were calculated by unpaired t test. Values are
means7SE of three experiments performed in triplicate.Results
Veriﬁcation of c-Rel overexpression
The c-Rel protein was overexpressed in SH-SY5Y cells by
transient transfection with pSin-cRel, as shown by Western
blotting using anti-c-Rel antibody (Fig. 1A). In addition, anti-
phosphorylated-p65 antibody was used to examine the level of
the phosphorylated form of p65 (active form of p65). The active
form of p65 protein was maintained at similar levels in both cells
with transfection of pSin or pSin-cRel (Fig. 1A) after normalization
with actin expression, indicating that the p65 was not activated
after c-Rel overexpression in SH-SY5Y cells.
Overexpression of c-Rel induced NF-kB activity in SH-SY5Y cells
After conﬁrming c-Rel protein overexpression, the effect of its
overexpression on NF-kB activity in SH-SY5Y cells was examined.
SH-SY5Y cells were transiently cotransfected with the luciferase
reporter plasmids pNFkB and pSin, or pNFkB and pSin-cRel.
The level of NF-kB activity was measured by luciferase activity
24 h after transfection. As shown in Fig. 1B, overexpressing c-Rel
caused an over threefold increase in NF-kB activity (3.0370.056,
po0.01) compared to the level of vector control (activity assigned
a value of 1).
Overexpression of c-Rel increased UCP4 promoter activity and UCP4
protein expression
SH-SY5Y cells overexpressing c-Rel had increased NF-kB
activity. Hence, we investigated the effects of c-Rel overexpres-
sion on UCP4 promoter activity and protein expression. UCP4
protein level was signiﬁcantly induced in two clones of SH-SY5Y
cells overexpressing c-Rel, compared with pSin vector control
cells (Fig. 2A). Furthermore, cotransfection of the pSin-cRel with
50UCP4DNA1000/1 (UCP4 DNA fragment containing the NF-
kB binding site) increased UCP4 promoter activity signiﬁcantly
(1.4070.023, po0.01), compared with the level of pSin with
50UCP4DNA1000/1 (activity assigned a value of 1) (Fig. 2B).
H2O2 increased speciﬁc NF-kB binding to its binding site
(507/495) in the human UCP4 gene promoter
We investigated the effects of H2O2 on NF-kB activation and
the role of UCP4 in H2O2-induced NF-kB activation. To determine
whether H2O2 activated NF-kB, SH-SY5Y cells were treated with
various concentrations of H2O2 for 120 min. Nuclear extracts were
prepared for analyses of NF-kB binding using EMSA. A biotin
50-end-labeled double-stranded oligonucleotide containing the
putative NF-kB sequence located at 514/487 from the 50
ﬂanking region of the UCP4 gene was used as a probe (termed
as UCP4-NFkB probe). SH-SY5Y nuclear extracts equilibrated with
the UCP4-NFkB probe were subjected to EMSA (Fig. 3A). H2O2
increased DNA–protein binding between nuclear NF-kB proteinsand the biotin–UCP4-NFkB probe in a dose-dependent manner in
SH-SY5Y cells (Fig. 3A). Maximum binding occurred at 250 mM
H2O2, indicating that speciﬁc NF-kB binding to the UCP4 promo-
ter was induced by oxidative stress.
c-Rel overexpression also increased speciﬁc NF-kB binding to the
human UCP4 gene promoter
Having shown that the UCP4 promoter was responsive in cells
overexpressing c-Rel (Fig. 2), we determined whether the UCP4
promoter activity induced by c-Rel overexpression was due to
elevated speciﬁc binding of c-Rel-associated NF-kB protein com-
plexes to the NF-kB binding site of the UCP4 gene promoter.
Fig. 2. Overexpression of c-Rel increased UCP4 promoter activity and UCP4
protein expression. (A) Western blots of protein lysates from pSin vector control
(pSin) and two different clones of c-Rel-overexpressing cells (pSin-cRel-C1 and
pSin-cRel-C2) were performed using anti-UCP4 and anti-actin antibodies. The
Western blot shows bands at 36 kDa corresponding to UCP4 protein and 43 kDa
corresponding to actin protein. (B) SH-SY5Y cells were transiently transfected
with pSin and 50UCP4DNA1000/1, or pSin-cRel and 50UCP4DNA1000/1,
and both groups were cotransfected with pRL-TK. Relative promoter activity was
expressed as fold of relative luciferase activity of pSin and 50UCP4DNA1000/1
(activity¼1). **po0.01 compared to relative luciferase activity of pSin and
50UCP4DNA1000/1. Statistical signiﬁcance p values were calculated by
unpaired t test. Values are means7SE of three experiments performed in
triplicate.
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between NF-kB proteins and the UCP4 gene after c-Rel over-
expression (Fig. 3B). Lane 1 shows the results of the biotin–UCP4-
NFkB probe incubated with the untransfected SH-SY5Y nuclear
protein extract. DNA–protein complexes formed in the binding
reaction can clearly be seen. The competitor (200-fold excess of
unlabeled UCP4-NFkB probe) was added to the DNA–protein
binding reaction; absence of binding of the biotin-labeled probe
showed the speciﬁcity of the binding reaction (lane 2). After
addition of nuclear extracts from SH-SY5Y cells transfected with
pSin-cRel for 24 h, increased binding of the DNA–protein com-
plexes was clearly shown, indicating that overexpression of c-Rel
in SH-SY5Y resulted in increased binding of NF-kB nuclear
proteins to this NF-kB binding site on the UCP4 gene (lane 3).
‘‘Supershift’’ occurred after adding anti-p50 antibody to the
binding reaction of both c-Rel-overexpressing and control cells
(lanes 4 and 5, respectively), showing that more than one NF-kB
dimer was bound to the binding site. A more intense supershift
band with anti-p50 was observed in c-Rel-overexpressing cells
(lane 5) compared to the level with the control extract (lane 4).No supershift occurred in binding reactions in control cells after
adding either anti-c-Rel or anti-p65 antibody (lanes 6 and 8).
However, a supershifted band was observed in the binding
reaction of extract from c-Rel-overexpressing cells with anti-c-
Rel antibody (lane 7), whereas no p65 supershift band was
observed in the binding reaction (lane 8), indicating that the
c-Rel-containing complexes bound to the NF-kB binding site of
the UCP4 gene were the result of c-Rel overexpression. The NF-kB
protein complexes involved after c-Rel overexpression are com-
posed of the p50 and/or c-Rel subunit either as p50/p50 homo-
dimers or p50/c-Rel heterodimers.Protective effects of c-Rel overexpression in attenuating superoxide
levels under oxidative stress were decreased after UCP4 knockdown
We have reported previously that upregulating UCP4 expres-
sion in neuronal cells reduced [24], whereas knockdown of UCP4
increased, their vulnerability to MPPþ toxicity [34]. To verify the
effects on superoxide levels after UCP4 downregulation, intracel-
lular superoxide levels were measured by DHE ﬂuorescence
intensity. We compared results from the four groups of SH-SY5Y
cells. These were cells that had been cotransfected with one of the
following combinations: (i) pSin and scr. siRNA (control), (ii) pSin
and UCP4 siRNA (UCP4 knockdown), (iii) pSin-cRel and scr. siRNA
(c-Rel overexpression), and (iv) pSin-cRel and UCP4 siRNA (com-
bination of c-Rel overexpression and UCP4 knockdown). After
transfection, cells were either treated with H2O2 or not, and the
effects on DHE levels were determined. We compared results
from the four groups of SH-SY5Y cells that had been treated at the
same time and under the same conditions for all the experiments.
Hence, the same control group (pSin and scr. siRNA) was used in
all the analyses. These results were analyzed by three-way
ANOVA to assess the effects of all three factors inﬂuencing
superoxide levels by DHE ﬂuorescence intensity. The results are
summarized in Supplementary Table 1A. From the three-way
ANOVAs, knockdown of UCP4 signiﬁcantly increased superoxide
levels (po0.001), whereas overexpression of c-Rel was associated
with a decrease in superoxide levels (po0.01). Treatment with
H2O2 caused an accumulation of superoxide levels in the cells
(po0.001; Supplementary Table 1A). To determine whether
either knockdown of UCP4 mRNA or overexpression of c-Rel
affected intracellular superoxide levels in the cell, two-way
ANOVA was carried out on the results from cells that had or
had not been treated with H2O2 (Supplementary Tables 1B and C).
Under untreated conditions, neither knockdown of UCP4 mRNA
nor overexpression of c-Rel had any effect on the superoxide
levels (Supplementary Table 1B). Under H2O2 treatment, knock-
down of UCP4 mRNA level resulted in a signiﬁcant increase
(po0.001; Supplementary Table 1C), whereas overexpression of
c-Rel resulted in a signiﬁcant decrease in superoxide levels
(po0.01). Moreover, one-way ANOVA was also carried out on
DHE results to compare between different combinations of cells.
DHE levels were compared between cells cotransfected with pSin
and UCP4 siRNA (namely UCP4 siRNA) and cells cotransfected
with pSin and scr. siRNA (namely scr. siRNA) (Fig. 4A). No changes
in DHE level were observed between these two groups under
untreated conditions (Fig. 4A). Under oxidative stress induced by
250 mM H2O2, a signiﬁcant increase in superoxide levels was
observed in both control cells (from 1.0070.84 (untreated) to
1.2870.17 (H2O2), po0.01) and cells with UCP4 knockdown
(from 1.1370.063 (untreated) to 2.0970.30 (H2O2), po0.01)
(Fig. 4A). Interestingly, cells with UCP4 knockdown had signiﬁ-
cantly increased (60%) superoxide levels compared to control
cells under H2O2-induced oxidative stress (1.2870.17 (control)
vs 2.0970.30 (UCP4 knockdown), po0.01) (Fig. 4A), indicating
Fig. 4. Protective effect of c-Rel overexpression in attenuating superoxide levels under oxidative stress induced by H2O2 was decreased after UCP4 knockdown. Superoxide
levels from the following four groups of SH-SY5Y cells were compared accordingly under 250 mMH2O2 treatment for 6 h: (A) scr. siRNA vs UCP4 siRNA and (B) pSin and scr.
siRNA (control) vs pSin-cRel and scr. siRNA (c-Rel overexpression) vs pSin-cRel and UCP4 siRNA (c-Rel overexpression and UCP4 knockdown). The same control group (pSin
and scr. siRNA) was used for both analyses. *po0.05 and **po0.01, signiﬁcant compared to their corresponding untreated group. ##po0.01, signiﬁcant compared
between two selected groups. Statistical signiﬁcance p values were calculated by one-way ANOVA with Newman–Keuls multiple comparison test (post hoc). Values are
means7SE of three experiments performed in triplicate.
Fig. 3. H2O2 induced NF-kB activation in a dose-dependent manner and NF-kB protein complexes associated with the c-Rel subunit speciﬁcally bound to the NF-kB
binding site of the human UCP4 promoter region. (A) Dose response of activation of NF-kB by H2O2 in SH-SY5Y cells. SH-SY5Y cells were treated with various
concentrations of H2O2 (0, 50, 100, 250, 500, or 1000 mM) for 120 min. Nuclear extracts were prepared and then subjected to EMSA and detection of NF-kB protein
complexes with the biotin-labeled UCP4-NFkB probe. (B) Nuclear extracts of SH-SY5Y cells transiently transfected with pSin-cRel were subjected to EMSA and detection of
NF-kB with biotin-labeled UCP4-NFkB probe (Lanes 1–9) In lane 1, EMSA was performed in the presence of untransfected SH-SY5Y nuclear proteins and biotin-labeled
UCP4-NFkB probe. Lane 2: competitor at 200-fold excess of the unlabeled UCP4-NFkB probe was added to the DNA–protein binding reaction. Lane 3: after SH-SY5Y cells
were transiently transfected with pSin-cRel for 24 h, the increase in NF-kB protein binding is seen. The speciﬁcity of the p50, c-Rel and p65 subunits were monitored by the
addition of anti-p50 (Lane4 and 5), anti-cRel (Lane6 and 7) or anti-p65 antibodies (Lane8 and 9) (SS=supershift).
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tive stress.
In addition, the regulatory role of the NF-kB c-Rel subunit in
UCP4 protection was investigated. Intracellular superoxide levels
were measured and compared among three groups of cells using
one-way ANOVA: (i) pSinþscr. siRNA (control), (ii) pSin-
cRelþscr. siRNA (c-Rel overexpression), or (iii) pSin-cRelþUCP4
siRNA (combination of c-Rel overexpression and UCP4 knock-
down), as described under Materials and methods. No change
in DHE level was observed among these three groups under
untreated conditions (Fig. 4B). Cells with c-Rel overexpression(column 5) had signiﬁcantly reduced intracellular superoxide
levels (30%), compared to vector cells (column 4) under H2O2
treatment (1.2870.17 (control) vs 0.9570.081 (c-Rel overex-
pression), po0.01) (Fig. 4B), indicating lower superoxide levels
after c-Rel overexpression. To examine the relationship between
c-Rel and UCP4, we measured intracellular superoxide levels in
cells with the combination c-Rel overexpression and UCP4 knock-
down. Cells with the combination of c-Rel overexpression and
UCP4 knockdown (column 6) showed 60% increase in intracel-
lular superoxide levels compared to cells with c-Rel overexpres-
sion only (column 5) (0.9570.081 (c-Rel overexpression) vs
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knockdown), po0.01). These ﬁndings demonstrated that under
oxidative stress, the protective effect of c-Rel overexpression
in attenuating superoxide levels was decreased after UCP4
knockdown.
Protective effects of c-Rel overexpression in preserving cellular GSH
level under oxidative stress were decreased after UCP4 knockdown
To determine whether the increased superoxide levels
observed after UCP4 downregulation were attributable to a
change in the glutathione-redox state of the cells, we assessed
the levels of (a) reduced glutathione (GSH) both qualitatively by
ﬂuorescence microscopy and quantitatively by direct assay,
(b) oxidized glutathione (GSSG), and (c) total glutathione, by
direct assay only. GSH is an important cellular defense against
ROS owing to its conversion to GSSG upon oxidation. The ratio of
GSH to GSSG (GSH/GSSG) is an accepted measure of glutathione-
redox state of the cells [35]. We compared results from the four
groups of SH-SY5Y cells. These were cells that had been cotrans-
fected with one of the following combinations: (i) pSin and scr.
siRNA (control), (ii) pSin and UCP4 siRNA (UCP4 knockdown), (iii)
pSin-cRel and scr. siRNA (c-Rel overexpression), and (iv) pSin-cRel
and UCP4 siRNA (combination of c-Rel overexpression and UCP4
knockdown). After transfection, cells were either treated with
H2O2 or not. We compared results from the four groups of SH-
SY5Y cells, which had been treated at the same time and under
the same conditions for all the experiments. Hence, the same
control group (pSin and scr. siRNA) was used in all the analyses.
Results were analyzed by three-way ANOVA to assess the effects
of the three factors inﬂuencing GSH, GSSG, and total glutathione
levels and GSH/GSSG. The results are summarized in
Supplementary Table 2. From the three-way ANOVAs, knockdown
of UCP4 signiﬁcantly decreased the GSH level (po0.001) and
GSH/GSSG (po0.01) and increased the GSSG level (po0.01). In
contrast, overexpression of c-Rel was associated only with an
increase in GSH (po0.01). As would be expected, H2O2 treatment
signiﬁcantly decreased GSH and also total glutathione levels. Thus
treatment with H2O2 caused a loss of available GSH (po0.001) to
the cells, probably by irreversible oxidation. To determine
whether either knockdown of UCP4 mRNA or overexpression of
c-Rel affected total glutathione available to the cell, two-way
ANOVA was carried out on results from cells that had not been
treated with H2O2. As can be seen from Supplementary Table 2B,
knockdown of UCP4 mRNA resulted in a signiﬁcant decrease in
total glutathione (po0.001), and overexpression of c-Rel resulted
in a signiﬁcant increase in total glutathione (po0.01). The action
of the three factors on the various aspects of glutathione status
was further explored. Fig. 5A shows the ﬂuorescence microscopy
results. Knockdown of UCP4 caused a reduction in the amount of
green ﬂuorescence, whereas overexpression of c-Rel caused an
increase in ﬂuorescence in untreated cells (Fig. 5A, left). A similar
trend was seen in cells treated with H2O2 (right), but the much
decreased levels of ﬂuorescence made these trends less obvious.
Fig. 5B shows the results of the quantitative assays of GSH and
GSSG levels and the GSH/GSSG ratio, which were analyzed by
one-way ANOVA. Under untreated conditions, GSH was signiﬁ-
cantly lower in cells with UCP4 knockdown compared with control
cells (33.0470.84 nmol/mg (control) vs 30.2770.33 nmol/mg
(UCP4 knockdown), po0.05) (Fig. 5B). However, GSSG levels
(Fig. 5C) and the GSH/GSSG ratio (Fig. 5D) did not differ between
these two groups.
As would be expected, treating the cells with H2O2 induced
oxidative stress. This was evidenced by the fact that GSH levels
were decreased and GSSG levels increased in all treated cells
compared with the levels in equivalent untreated cells. H2O2-treated cells with UCP4 knockdown had lower levels than control
cells (26.8070.46 nmol/mg (control) vs 21.3671.07 nmol/mg
(UCP4 knockdown), po0.01) (Fig. 5B) and GSSG levels were
1.8-fold higher in UCP4 knockdown cells compared with levels
in control cells (9.5470.46 nmol/mg (control) vs 16.837
1.07 nmol/mg (UCP4 knockdown), po0.01) (Fig. 5C). Thus, the
GSH/GSSG ratio in UCP4 knockdown cells was decreased to 50%
of that in control cells (1.0970.019 (control) vs 0.48970.025
(UCP4 knockdown), po0.01) as a consequence of GSSG accumu-
lation (Fig. 5D). The decrease in GSH levels observed in CMFDA
imaging and the marked decrease in GSH/GSSG ratio after UCP4
knockdown under oxidative stress demonstrated deterioration
in the glutathione-redox state in keeping with persistent oxida-
tive stress.
Because the intracellular GSH/GSSG balance was found to be
inﬂuenced by UCP4 expression, we then investigated the possible
molecular mechanisms of the c-Rel NF-kB subunit involved in
such regulation. With oxidative stress induced by H2O2, all three
groups of cells were shown to have a signiﬁcant reduction in GSH
levels, compared to their corresponding untreated group (all
po0.01; Fig. 5E). More GSH was preserved in cells overexpressing
c-Rel (column 5), compared to control cells (column 4) under
H2O2 treatment (26.8770.46 nmol/mg (control) vs 29.257
0.74 nmol/mg (c-Rel overexpression), po0.05) (Fig. 5E). Similarly,
increased CMFDA ﬂuorescence intensity was observed in cells
overexpressing c-Rel, demonstrating that c-Rel overexpression
prevented the H2O2-induced GSH depletion (Fig. 5A, third row).
The greater preservation of GSH level was inversely correlated
with its conversion to GSSG. Lower GSSG level was observed in
cells overexpressing c-Rel (Fig. 5F, column 5), compared to control
cells (column 4) under H2O2 treatment (9.51770.46 nmol/mg
(control) vs 7.7570.74 nmol/mg (c-Rel overexpression), po0.05).
Thus, the increased GSH/GSSG ratio was clearly shown in cells
overexpressing c-Rel (Fig. 5G, column 5), compared to control cells
(column 4) under H2O2 treatment (1.0970.19 (control) vs 1.467
0.037 (c-Rel overexpression), po0.05). After c-Rel overexpression,
the cellular GSH/GSSG ratio showed a predominantly reduced state
with less oxidative damage under H2O2 toxicity.
To examine whether UCP4 knockdown would affect the
intracellular glutathione-redox status in cells with c-Rel over-
expression, GSH and GSSG levels and the GSH/GSSG ratio were
compared between cells with c-Rel overexpression and cells with
the combination of c-Rel overexpression and UCP4 knockdown.
Under untreated conditions, a signiﬁcant decrease in GSH level
was observed in cells with the combination of c-Rel overexpres-
sion and UCP4 knockdown (Fig. 5E, column 3), compared with
c-Rel overexpression alone (column 2) (34.7670.78 nmol/mg
(c-Rel overexpression) vs 31.3770.47 nmol/mg (c-Rel overex-
pression and UCP4 knockdown), po0.01). Similarly, a decrease in
CMFDA ﬂuorescence intensity was observed in cells with c-Rel
overexpression and UCP4 knockdown, compared to cells with
c-Rel overexpression (Fig. 5A, fourth row). A signiﬁcant decrease
in GSSG level was also observed in cells with the combination of
c-Rel overexpression and UCP4 knockdown (Fig. 5F, column 3),
compared with c-Rel overexpression alone (column 2) under
untreated conditions (13.8070.79 nmol/mg (c-Rel overexpres-
sion) vs 11.3670.47 nmol/mg (c-Rel overexpression and UCP4
knockdown), po0.01). However, no difference in GSH/GSSG ratio
was observed between these two groups under untreated condi-
tions (Fig. 5G). After H2O2 treatment, GSH level was decreased in
cells with the combination of c-Rel overexpression and UCP4
knockdown (Fig. 5E, column 6), compared with c-Rel overexpres-
sion alone (column 5) (29.2570.74 nmol/mg (c-Rel overexpres-
sion) vs 23.6370.63 nmol/mg (c-Rel overexpression and UCP4
knockdown), po0.01). GSSG level increased signiﬁcantly in cells
with the combination of c-Rel overexpression and UCP4
Fig. 5. Protective effect of c-Rel overexpression in preserving cellular GSH levels under oxidative stress was decreased after UCP4 knockdown. (A) Cells were stained with
CMFDA (green) and DAPI (blue) and examined by ﬂuorescence microscopy. The following four groups of SH-SY5Y cells were compared accordingly under 250 mM H2O2
treatment for 6 h: cells transfected with (i) pSin and scr. siRNA (control), (ii) pSin and UCP4 siRNA (UCP4 knockdown), (iii) pSin-cRel and scr. siRNA (c-Rel overexpression),
and (iv) pSin-cRel and UCP4 siRNA (c-Rel overexpression and UCP4 knockdown). (B–G) Quantitative assays of GSH and GSSG levels and GSH/GSSG. (B–D) scr. siRNA vs
UCP4 siRNA and (E–G) pSin and scr. siRNA vs pSin-cRel and scr. siRNA vs pSin-cRel and UCP4 siRNA. The same control group (pSin and scr. siRNA) was used for both
analyses. Quantitative analyses of (B and E) GSH levels, (C and F) GSSG levels, and (D and G) GSH/GSSG ratios from the four groups of cells were compared accordingly
under 250 mM H2O2 treatment for 6 h. **po0.01, signiﬁcant compared to cells with the combination of pSin and scrambled siRNA. #po0.05 and ##po0.01, signiﬁcant
compared between two selected groups. Statistical signiﬁcance p values were calculated by one-way ANOVA with Newman–Keuls multiple comparison test (post hoc).
Values are means7SE of three experiments performed in triplicate.
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sion alone (column 5) (7.7570.74 nmol/mg (c-Rel overexpres-
sion) vs 14.9970.63 nmol/mg (c-Rel overexpression and UCP4
knockdown), po0.01). The increase in GSSG level resulted in a
signiﬁcant reduction in GSH/GSSG ratio in cells with the combi-
nation of c-Rel overexpression and UCP4 knockdown (Fig. 5G,
column 6), compared with c-Rel overexpression alone (column 5)
(1.4670.37 (c-Rel overexpression) vs 0.6170.16 (c-Rel over-
expression and UCP4 knockdown), po0.01). These results indi-
cated that under oxidative stress, the protective effect of c-Rel
overexpression in preserving GSH levels was decreased after
UCP4 knockdown.Protective effects of c-Rel overexpression in preserving MMP under
oxidative stress were decreased after UCP4 knockdown
We examined the MMP using JC-1 dye in SH-SY5Y cells using
ﬂuorescence microscopy. JC-1 is a cationic dye that exhibits aFig. 6. The protective effect of c-Rel overexpression in preserving MMP under oxidative
which localizes within the mitochondria in proportion to MMP and forms aggregates t
ﬂuoresces green. Consequently, mitochondrial depolarization is indicated by a decrea
(green monomer and red aggregates) and examined by ﬂuorescence microscopy. The f
H2O2 treatment for 6 h: cells transfected with (i) pSin and scr. siRNA (control), (ii)
overexpression), and (iv) pSin-cRel and UCP4 siRNA (c-Rel overexpression and UCP4 kn
groups of cells (as above) compared accordingly under 250 mM H2O2 treatment for 6
compared among selected groups. Statistical signiﬁcance p values were calculated by o
are means7SE of at least ﬁve experiments performed in triplicate.potential-dependent accumulation in mitochondria, which is
indicated by a shift in the ﬂuorescence emission. In polarized
mitochondria, it accumulates in aggregated form and appears as
red punctate staining, whereas in cells having depolarized mito-
chondria, it disseminates into the cytoplasm and appears as green
diffused monomeric staining. We compared results from the four
groups of SH-SY5Y cells. These were cells that had been cotrans-
fected with one of the following combinations: (i) pSin and scr.
siRNA (control), (ii) pSin and UCP4 siRNA (UCP4 knockdown), (iii)
pSin-cRel and scr. siRNA (c-Rel overexpression), and (iv) pSin-cRel
and UCP4 siRNA (combination of c-Rel overexpression and UCP4
knockdown). After transfection, cells were either treated with
H2O2 or not and the effect on MMP was determined. We
compared results from the four groups of SH-SY5Y cells, which
had been treated at the same time and under the same conditions
for all the experiments. Hence, the same control group (pSin
and scr. siRNA) was used in all the analyses. The results
were analyzed using three-way ANOVA to assess the effects of
the three factors inﬂuencing MMP by JC-1 ﬂuorescence intensity.stress was decreased after UCP4 knockdown. The MMP was measured using JC-1,
hat ﬂuoresce red. When the MMP is dissipated, JC-1 leaks into the cytoplasm and
se in the red/green ﬂuorescence intensity ratio. (A) Cells were stained with JC-1
ollowing four groups of SH-SY5Y cells were compared accordingly under 250 mM
pSin and UCP4 siRNA (UCP4 knockdown), (iii) pSin-cRel and scr. siRNA (c-Rel
ockdown). (B and C) Quantitative analyses of MMP (red/green ratio) from the four
h. **po0.01, signiﬁcant compared to pSin and scr. siRNA. ##po0.01, signiﬁcant
ne-way ANOVA with Newman–Keuls multiple comparison test (post hoc). Values
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three-way ANOVAs, knockdown of UCP4 signiﬁcantly decreased
MMP (po0.001), whereas overexpression of c-Rel was associated
with an increase in MMP (po0.001). As expected, treatment with
H2O2 caused depolarization of the cells (po0.001). To determine
whether either knockdown of UCP4 mRNA or overexpression
of c-Rel affected cellular MMP, two-way ANOVA was carried out
on results from cells that had or had not been treated with H2O2.
Under both untreated and treated conditions, both knockdown
of UCP4 mRNA (po0.001 (untreated); po0.05 (H2O2)) and
overexpression of c-Rel (po0.001 (untreated); po0.001 (H2O2))
had a signiﬁcant effect on the MMP (Supplementary Tables 3B
and C). In the ﬂuorescence imaging, we observed a loss of MMP in
all four groups of cells after H2O2 treatment (Fig. 6A, right),
indicating the cells were depolarized after oxidative stress
induced by H2O2. We also performed quantitative measurement
of the relative MMP by measuring JC-1 staining using ﬂow
cytometry, to compare the changes in MMP among the four
groups with or without H2O2 treatment. One-way ANOVA was
carried out on MMP results to compare between combinations
of cells. Under untreated conditions, signiﬁcantly decreased
MMP was observed in cells with UCP4 knockdown (Fig. 6B,
column2) compared with control cells (column 1) (25.9171.61
(control) vs 17.8971.71 (UCP4 knockdown), po0.01)), as shown
in the red/green ﬂuorescence ratio. The reduction in steady-state
MMP after UCP4 knockdown demonstrated its importance in
maintaining MMP under untreated conditions. Increased MMP
level was observed in cells overexpressing c-Rel (Fig. 6B, column 3),
compared to control cells (column 1) under untreated conditions
(25.9171.61 (control) vs 37.9973.32 (c-Rel overexpression),
po0.01). Cells with the combination of c-Rel overexpression
and UCP4 knockdown (Fig. 6B, column 4) exhibited a signiﬁ-
cant reduction in MMP, compared with c-Rel overexpression
alone (column 3) (37.9973.32 (c-Rel overexpression) vs
23.3771.96 (c-Rel overexpression and UCP4 knockdown),
po0.01).
Under H2O2 treatment, all four groups of cells (Fig. 6C, col-
umns 1–4) showed signiﬁcant mitochondrial membrane depolar-
ization, compared to the untreated control group (column 5) (all
po0.01). MMP of c-Rel-overexpressing cells (Fig. 6C, column 3)
treated with H2O2 was signiﬁcantly higher than in control cells
(column 1) under the same treatment (7.8770.69 (control) vs
14.0271.71 (c-Rel overexpression), po0.01), demonstrating that
overexpressing c-Rel signiﬁcantly attenuated H2O2-induced mito-
chondrial membrane depolarization. However, UCP4 knockdown
(Fig. 6C, column 2) did not change MMP under H2O2 treatment,
compared to control cells (column 1). Cells with the combination
of c-Rel overexpression and UCP4 knockdown (Fig. 6C, column 4)
showed a signiﬁcant decrease in MMP, compared with c-Rel
overexpression alone (14.0271.71 (c-Rel overexpression) vs
9.8270.64 (c-Rel overexpression and UCP4 knockdown),
po0.01). These results indicated that under oxidative stress, the
protective effect of c-Rel overexpression in preserving MMP was
decreased after UCP4 knockdown.Discussion
Mitochondrial dysfunction and oxidative stress have been
implicated in the pathogenesis of Parkinson’s disease [36,37].
We have consistently shown that UCP4 is protective in attenuat-
ing the effects of various toxins used in experimental parkinson-
ism (MPPþ or dopamine) by supporting mitochondrial function
[24,30,32,33]. Knocking out DJ-1 (also known as PARK7), a gene
associated with an autosomal recessive form of Parkinson disease,
downregulated UCP4 and UCP5 expression, compromisedcalcium-induced uncoupling, and increased oxidation of matrix
proteins speciﬁcally in SNc dopaminergic neurons [38].
In this study, overexpression of the c-Rel subunit of NF-kB in
neuronal SH-SY5Y cells was performed to explore the role of c-Rel
in regulating UCP4 gene expression. UCP4 expression induced by
upregulation of c-Rel was protective against H2O2-induced oxida-
tive stress. We have also demonstrated that c-Rel controlled UCP4
expression in SH-SY5Y cells and that c-Rel had beneﬁcial effects
on UCP4 protection against oxidative stress. Intracellular ROS are a
key factor that can regulate the phosphorylation of IkB-a and
activate NF-kB [14,15,39–41]. Among the ﬁve members of the
NF-kB family, c-Rel has been found to determine neuronal survival
[18,42–44]. Although the role of c-Rel in neuronal survival has been
well documented, the mechanism of how c-Rel is involved in UCP4
protection against intracellular oxidative stress is unclear.
In the ﬁrst step, we showed that in cells transfected with pSin-
cRel, c-Rel protein was highly expressed without any change in
phosphorylated p65 (active form) protein level (Fig. 1A). The
increase in relative NF-kB-luciferase activity in c-Rel-overexpres-
sing cells demonstrated that NF-kB signaling was induced by
c-Rel overexpression (Fig. 1B). We used reporter assays to show
that the UCP4 promoter region containing the NF-kB site was
responsive to c-Rel overexpression (Fig. 2B). UCP4 gene promoter
activity and UCP4 protein expression were markedly increased
after c-Rel overexpression, indicating that UCP4 expression
was positively regulated by c-Rel-containing NF-kB complexes
(Fig. 2A and B). Moreover, we have demonstrated that the NF-kB
protein binding on the UCP4 gene promoter was induced by H2O2
in a dose-dependent manner (Fig. 3A). In addition we showed that
the c-Rel subunit was involved in regulating UCP4 gene expres-
sion via the NF-kB response element in the UCP4 gene promoter,
which we previously identiﬁed [32]. The EMSA results demon-
strated speciﬁc binding of NF-kB p50- and c-Rel-containing
dimers to the UCP4 gene promoter (Fig. 3).
Glutathione, a major endogenous antioxidant, decreases the
toxic effects of ROS [45]. Altered cellular redox status can activate
redox-sensitive transcription factors such as NF-kB [15,46–48]. In
this study, we demonstrated that UCP4 expression is a require-
ment for the protective effects of c-Rel activation. This was
demonstrated by knocking down UCP4 expression through RNA
interference. GSH depletion and severe oxidative damage were
observed in cells with UCP4 knockdown, as shown by an increase
in superoxide levels and decrease in GSH/GSSG after H2O2-
induced oxidative stress (Figs. 4A and 5). These results were
consistent with a previous report that UCP2 knockout mice
showed depletion of mitochondrial GSH levels and GSH uptake
[49], indicating a close correlation among UCP2, ROS sequestra-
tion mechanisms, and GSH levels. The involvement of c-Rel in
UCP4-preserved cell survival was further conﬁrmed by cells with
the combination of c-Rel overexpression and UCP4 knockdown,
whereby these cells were not able to maintain GSH levels,
resulting in even greater superoxide levels, compared with c-Rel
overexpression alone, after H2O2 treatment (Fig. 4B). After the
loss of GSH (Fig. 5E), there was a signiﬁcant increase in cellular
GSSG level in cells with the combination of c-Rel overexpression
with UCP4 knockdown, compared with c-Rel overexpression
alone (Fig. 5F). UCP4 knockdown decreased cellular antioxidative
capacity and caused mitochondrial membrane depolarization
under normal culture conditions (Fig. 6B). The decrease in MMP
may seem contradictory to the ‘‘mild uncoupling’’ hypothesis.
However, emerging evidence indicates that UCP4 exhibits some
differences from other uncoupling proteins with respect to their
protein conformations and functions [50–52]. Our present ﬁnd-
ings are in accord with our previous ﬁndings, in which neuronal
cells stably overexpressing UCP4 showed a signiﬁcantly higher
level of cellular ATP compared with cells with endogenous UCP4
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with normal morphology, and had improved survival with lower
oxidative stress after MPPþ toxicity [24].
Cells overexpressing c-Rel had signiﬁcantly preserved MMP
under H2O2-induced oxidative stress (Fig. 6C). Under H2O2 treat-
ment, a signiﬁcant decrease in MMP was observed in cells with
the combination of c-Rel overexpression and UCP4 knockdown,
compared with c-Rel overexpression alone (Fig. 6C). These results
indicated that c-Rel overexpression preserved MMP under
H2O2-induced oxidative stress by inducing UCP4 expression. This
protective effect of c-Rel overexpression was signiﬁcantly reduced
after UCP4 knockdown, indicating that UCP4 is a target effector
gene of the NF-kB c-Rel prosurvival pathway in H2O2-induced
oxidative stress.
In conclusion, our ﬁndings demonstrate the hitherto unre-
ported link between UCP4 and NF-kB c-Rel against oxidative
stress in an in vitro model of oxidative stress. We have shown that
UCP4 can exert protective effects against H2O2 by being upregu-
lated by c-Rel overexpression, thereby reducing ROS level, pre-
serving cellular GSH level, and maintaining MMP. The protective
effects of c-Rel overexpression were signiﬁcantly decreased after
UCP4 knockdown. These ﬁndings demonstrated that UCP4 is a
target effector of the NF-kB c-Rel prosurvival pathway and that
UCP4 may act as a mitochondrial surveillance factor that miti-
gates the effects of oxidative stress through activation of this
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